Defects induced by electron irradiation in n-GaAs have been studied using deep level transient spectroscopy (DLTS) and Laplace DLTS (L-DLTS). The E 0.83 (EL2) is the only defect observed prior to irradiation. Ru/n-GaAs Schottky diodes were irradiated with high energy electrons from a Sr-90 radionuclide up to a fluence of 2.45 Â 10 13 cm
I. INTRODUCTION
Defect engineering has enabled the development of optimized semiconductor material structures. In some semiconductor materials, point defect engineering has improved device performance and suppressed undesirable properties.
1,2
Particle irradiation induced defects modify the electronic properties of semiconductors. 3 These modifications lead to applications such as carrier lifetime control and device isolation. 4 Understanding the physical properties and occurrence of defects will potentially lead to improved device designs.
In the past, studies have been carried out to gain insight into defects induced by particle irradiation on GaAs devices. 5, 6 Such information is vital considering the wide range of optoelectronic applications of these devices under various conditions. An example of such an application is the use of GaAs solar cells in space where they are exposed to highly energetic radiation particles. 7 Moreover, in developing future technologies, for both natural and harsh radiation environments, it is crucial to have a clear view of potential radiation problems.
The EL2 defect is very important in GaAs because it affects the optical properties and controls the performance of GaAs based devices. 8, 9 In some instances, the defect traps electrons when they are accelerated into semi-insulating regions and may create regions of fixed trap charge that can ruin devices. 10 On the other hand, it can be deliberately introduced to increase resistivity of bulk GaAs so as to lower substrate capacitance and allow high frequency operation of devices. It is arguably the most studied defect in semiconductor physics, with a lot of controversy among researchers for many years, concerning its properties and microscopic structure. [11] [12] [13] [14] All the microscopic models that exist are only coherent in that the properties of the EL2 are As antisite related. 15 An alternate viewpoint proposes oxygen related centers. 16 It has also been postulated that there exists a whole family of midgap levels so called the "EL2 family."
The limitation in most of these studies was the low resolution of conventional deep level transient spectroscopy (DLTS). DLTS is a technique for studying defects in semiconductors, which displays emission data spectroscopically as a function of temperature. 17 Conventional DLTS is unable to distinguish defects that have similar energies within the bandgap, which are shown as single, broad based peaks. 18 As a result, most reports on induced defects in n-GaAs have not reported on the fine structure of the defects. L-DLTS provides a solution by offering up to an order of magnitude increase in resolution. 18, 19 Dobaczewski et al. 20 were the first to use L-DLTS to study the EL2 in GaAs. They did a comparative study of five liquid encapsulated Czokralski (LEC) grown GaAs crystals from different sources and they observed a defect family of at least two peaks in each sample.
This work adds on to this body of knowledge, by considering MOVPE grown n-GaAs. We have investigated the defects introduced in Ru/n-GaAs Schottky barrier diodes by electron irradiation using DLTS. Using L-DLTS, we explored the fine structure and annealing behavior of these defects in detail for the first time. The results show two EL2-like midgap energy levels. In the nomenclature used in this article, we shall refer to them as radiation induced (RI) EL2-like defects. This is an important result especially considering the interest in defect engineering using the EL2 and recent progress in growth of cheaper GaAs which is going to be highly influenced by the presence of defects in the material. 10, 21 II. EXPERIMENTAL PROCEDURE Si doped n-GaAs (1 0 0) epitaxial layers (5 lm) grown by MOVPE on n þ GaAs substrates were used in this study. The average free carrier density was 1.0 Â 10 15 cm À3 as specified by the suppliers (Spire Corporation). First, the samples were degreased and etched chemically. An Au:Ge (88%:12%) eutectic was thermally evaporated in a resistive deposition system on the n þ sides to form an ohmic contact, with an Au overlayer. This was followed by a 2 min anneal in Ar at 450 C. Thereafter, 1000 Å thick Ru contacts, 0.6 mm in diameter, were deposited on the epitaxial layer using electron beam evaporation. Contact quality was evaluated using currentvoltage (I-V) and capacitance-voltage (C-V) measurements.
The devices were then irradiated with MeV electrons for 5 h up to a dose of 2. 45 radionuclide. A detailed graphical representation of the energy distribution of electrons emitted by the radionuclide is given by Auret et al. 22 The carrier concentration of the samples after irradiation was monitored through C-V measurements in order to see whether the accuracy of the DLTS measurements was not being compromised by a high radiation dose through carrier removal. DLTS spectra were recorded at a scan rate of 2 K/min in the 15-390 K temperature range, at a quiescent reverse bias (V R ) of À2 V, filling pulse amplitude (V p ) À0.2 V, and filling pulse width (t p ) 1 ms. The defects observed from the scans were characterized using L-DLTS. 20 The forward bias filling pulse was set at À0.2 V in order to avoid the capacitance signal from surface states. Surface states are sometimes confused with, or prevent, the detection of deep levels in the bulk of the material. 23, 24 The signatures (energy level in the band gap (E t ), and apparent capture cross section (r n )) of the induced defects were calculated using log (e n /T 2 ) versus (1000/T) Arrhenius plots, from the slope and y-intercept, respectively, according to the following equation:
Equation (1) gives the emission rate as a function of temperature T, where hv th i is the thermal velocity of electrons, (E c À E t ) is the activation energy, N c is the density of conduction band states, g 0 and g 1 are the degeneracy terms referring to the states before and after electron emission, and k B is the Boltzmann constant. Capture cross section is assumed to have a T 2 dependency, hence the log(e n /T 2 ) versus 1000/T plots. The true capture cross section of some of the defects was then obtained using the pulse width method, which is described briefly in Sec. III B. In-order to investigate the thermal stability of the defects, the samples were annealed in the 0-300 C range with incremental steps of 50 C.
III. RESULTS AND DISCUSSION

A. Electron irradiation induced defects
Irradiation induced defects emanate from collisions of energetic particles which results in elastic scattering. The Frenkel pair is created when a particle imparts energy to a lattice atom to displace it forming a vacancy-interstitial pair. Mobile vacancies and interstitials are also introduced through the same mechanism. At room temperature, the threshold displacement energy in GaAs has been observed to be approximately 9.0 eV in Ga and approximately 9.4 eV in As. 25 Figure 1 depicts the results of the DLTS scans obtained at a rate window of 4 Hz. Curve (a) is the control spectrum obtained from the as-deposited samples before irradiation. It shows only the native (E 0.83 ) defect present, which is also well known as the EL2 defect. Similarly, the 0.83 eV energy level has been observed in GaAs (as-grown) samples by other researchers and in GaAs based structures grown through molecular beam epitaxy and LEC. 17, [26] [27] [28] The EL2 defect can exist in two different atomic configurations, a normal configuration and a metastable one. The metastable configuration is attainable by photoquenching at low temperatures in which all the optical, magnetic, and electrical properties disappear. 29 Dobaczewski et al. 17 reported the presence of four energy levels associated with the EL2 in LEC as-grown samples measured by L-DLTS. In our as grown samples, only the E 0.83 was observed in a measurable concentration before irradiation. The presence of As antisite related defects in GaAs is highly dependent on the growth conditions, namely, growth rate, stoichiometry, and temperature. 30, 31 Curve (b) reveals emission peaks from defects induced by electron irradiation into the GaAs. The peaks have been labeled E 0.04 , E 0.14 , E 0.17 , E 0.38 , and E 0.63 based on their energy levels. Additionally, a compound broad based peak has been labeled E a .
A metastable defect that has been reported, in the same temperature range, superimposed on the E 0.38 peak, was not observed in our scans. 32 This is because of its presence, and the magnitude is highly dependent on the bias conditions, temperature-cycling, and incident particle type. The E 0.04 , E 0.14 , and E 0.38 defects have the same electronic structure and are point defect in nature. They are termed primary electron irradiation induced defects as they are observable with the same signatures after being induced by different radiation types. 33 The defects E 0.04 and E 0.14 are different charge states of the isolated As vacancy. Also, the E 0.38 has been attributed to close As vacancy-interstitial pairs, and its behavior is bound to the mobility of the arsenic interstitial after studying the introduction rate versus flux of electron irradiation and thermal annealing. 34, 35 The E 0.17 defect is metastable and can be reversibly transformed by introducing zero and reverse bias anneals. 36 Finally, the E 0.63 can only be observed at relatively high radiation fluencies which implies that it might be a complex defect.
B. The fine structure of the radiation induced EL2-like defects
Using L-DLTS, we were able to resolve the fine structure of the broad peak labeled E a in Figure 1 . As a result, FIG . 1. DLTS spectra of (a) as grown samples. (b) MeV electron irradiated samples recorded at a quiescent reverse bias (V R ) of À2 V at a rate window of 4 Hz, filling pulse (V p ) of À0.2 V, and pulse width (t p ) of 1 ms. E a is a compound peak of three defects. Inset: Broad peaks observed after radiation exposure for 24 h. three unique energy levels were identified which are displayed in Figure 2 as E 0.75 , E 0.83 , and E 0.85 , respectively. The E 0.63 already appears on the DLTS spectrum (b) in Figure 1 . By varying pulse width and observing the spectral response, we confirmed that we were probing different and unique energy states. The Arrhenius plots of the three energy levels with the E 0.63 are shown in Figure 3 . In general, several authors have reported on the existence of least two midgap energy levels in n-GaAs. Dobaczewski et al. 17 reported four energy levels similar to Figure 2 in LEC (as-grown) samples using Laplace DLTS. Saxena 37 observed the 0.76 eV and 0.83 eV energy levels using capacitance-voltage-time measurements. Furthermore, similar energy levels to those found in our experiments have been reported by other researchers. The 0.75 eV has been observed in InAs quantum dots embedded in a GaAs matrix using L-DLTS, 27 and the 0.85 eV energy level was predicted by Li et al., 38 using density functional theory (DFT) calculations on supercells of 64 atoms. Hall Effect measurements on the EL2 have determined the energy range to be in the 0.72 eV to 0.80 eV range. 39 However, Bourgoin et al. 46 gave a detailed account on why Hall measurement results cannot reliably measure the energy level of the EL2. Arrhenius plots of all the defects identified in this study are shown in Figure 4 . The resulting defect "signatures" are summarized in Table I . Apparent capture cross section calculations obtained directly from Equation (1) have been shown in the past to be erroneous since in some instances they do not account for temperature and electric field dependencies. 40 The accurate capture cross section values can be obtained by using the filling pulse, a technique which is highly demanding in terms of instrumentation. 41 In principle, trap filling will proceed exponentially with a time constant given by the following equation:
where n is the free carrier concentration at the measurement temperature. By monitoring the peak of the DLTS signal as a function of filling pulse as shown in Figure 5 , we determined s c from the slopes of the semi-logarithmic graphs. The results are displayed in Table II showing an almost similar r n for the E 0.83 and E 0.85 and a lower value by almost two orders of magnitude for the E 0.75 . Spatial distribution of the electron irradiation induced defects in GaAs was obtained using the fixed bias, variable pulse method. 43 Profiling of the depth distribution of the defects was done at a constant reverse bias of À5 V. Additionally, a comparison was done between the concentration depth of the E 0.83 before and after irradiation as displayed in Figure 6 of its depth profiles before and after irradiation shows an increase in the defect concentration of close to an order of magnitude as a result of the electron irradiation. Depth profiles of the E 0.85 and E 0.75 defects are similar and flat. The E 0.83 is at a higher concentration than the rest of the defects, explaining why it is the one most likely to be detected by DLTS measurements. Concentrations of these defects are consistent with the 10 16 to 10 13 cm À3 range that was reported for EL2 defects by other researchers in VPE grown nGaAs. 44 
C. Annealing of the EL2-like radiation-induced defects
In our previous study, we investigated the effect of dynamic annealing on the electrical characteristics of Au/nGaAs Schottky barrier diodes. 45 We attributed an inconsistency in the behavioral trend of the C-V barrier height to the EL2 defect. Figure 7 shows the results of our measurements on the thermal stability of the radiation induced EL2-like defects on Ru/n-GaAs Schottky barrier diodes. It was only after annealing at 100 C there was a notable decrease in the concentration of the E 0.83 . Its overall reduction in concentration after annealing at 300 C was 65%, whereas that for the E 0.85 was 21% when compared to unannealed samples. An inconsistent trend was observed for the E 0.75 throughout the annealing steps. The overall difference in behavior during annealing suggests that all radiation induced EL2-like defects might be of different species. Also, the annealing behavior of the EL2 in this case suggests carrier removal, which is consistent with our findings in Ref. 45 .
IV. CONCLUSIONS
Ru Schottky barrier diodes were fabricated on n-type GaAs. DLTS measurements were carried out before and after high energy electron irradiation. The E 0.04 , E 0.14 , E 0.17 , E 0.38 , E 0.63 , E 0.75 , and E 0.85 defects were detected after irradiation. Irradiation increased the defect concentration of the native E 0.83 defect found in as deposited samples. Performing L-DLTS on the broad EL2-like peak revealed the E 0.75 , E 0.85 , and E 0.83 defects. Using the pulse width method, the accurate capture cross section of the EL2 and EL2-like defects was measured. The true capture cross sections for the E 0.83 and E 0.85 were observed to be almost similar and greater than those for the E 0.75 by almost two orders of magnitude. Depth profiling was also done using the fixed bias variable pulse method, which showed the higher concentration of the E 0.83 compared to all the observed defects. Annealing within the 0-300 C range did not introduce any new defects but led to FIG. 5 . Determination of accurate capture cross section of the EL2 radiation induced EL2-like defects using the pulse width method at 320 K. the general decrease in concentration of the E 0.85 , E 0.83 , and E 0.75 . We can conclude that in addition to vacancies and interstitials, high energy electron irradiation also induces midgap electron traps with electronic properties similar to the EL2 defects in n-GaAs.
